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Continuous developments in nanotechnology require new approaches to materials synthesis that can
produce novel functional structures. Here, we show that nanoscale defects, such as nonstoichiometric
nanoregions (NSNRs), can act as nano-building blocks for creating complex electrical polarization
structures in the prototypical multiferroic BiFeOs. An array of charged NSNRs are produced in BiFeO;
thin films by tuning the substrate temperature during film growth. Atomic-scale scanning transmission
electron microscopy imaging reveals exotic polarization rotation patterns around these NSNRs. These
polarization patterns resemble hedgehog or vortex topologies and can cause local changes in lattice
symmetries leading to mixed-phase structures resembling the morphotropic phase boundary with high
piezoelectricity. Phase-field simulations indicate that the observed polarization configurations are mainly
induced by charged states at the NSNRs. Engineering defects thus may provide a new route for developing

ferroelectric- or multiferroic-based nanodevices.

DOI: 10.1103/PhysRevLett.120.137602

Quasi-1D ferroic states arising from the interplay of spin,
charge, orbital, and/or lattice degrees of freedom in strongly
correlated oxides usually exhibit complex polarization or
spin textures and unique properties that hold great promise
for the development of new device paradigms [1]. Examples
include vortices, hedgehogs, and Skyrmions that have been
discovered and extensively studied in magnetic materials
[2-4]. These magnetic states can be efficiently manipulated
by magnetic fields [5,6] or driven by a spin-transfer torque at
ultralow current densities [7] and thus can be potentially
applied for high-density magnetic memories or current-
driven devices. At the same time, considerable interest has
also been given to exploring new polarization states in
ferroelectrics, because the use of ferroelectric states that are
much smaller than their counterparts in magnets as func-
tional elements in nanodevices is particularly attractive. For
example, advances in the synthesis of ferroelectric thin-film
heterostructures have enabled the creation of periodic
patterns of polarization vortices through tuning the boun-
dary conditions at film interfaces [8§—10]. It is also theoreti-
cally predicted that Skyrmion-like polarization patterns can
be stabilized in ferroelectric nanocomposites through the
application of external electric fields [11]. Yet, another type
of quasi-1D ferroelectric state known as the polarization
hedgehog, in which all the polarization vectors diverge from
the center of the structure, remains relatively unexplored.
This is partially because such a hedgehog state is generally
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considered unstable, unless the inevitable accumulation of a
large amount of polarization bound charge at the center of
the structure can be compensated by some strong driving
force. An intriguing theoretical work has predicted that the
hedgehog states can be stabilized in BaTiO; nanowires
under specific boundary conditions, where surface effects
play a critical role [12]. But these hedgehog states have not
yet been experimentally confirmed.

On the other hand, the recent observation of a strong
interaction between ferroelectric polarization and built-in
fields induced by charged impurity defects embedded in the
ferroelectric matrix suggests that these defects may be used
as nano-building blocks that can provide a strong electro-
static-driven force for stabilization of complex domain
structures [13,14]. For example, it has been shown that
nanoscale planar charged defects in BiFeO; thin films
can induce novel head-to-head mixed-phase polarization
structures [13]. Nevertheless, these observed impurity
defects were accidentally introduced in those films, and
the possiblity to precisely control the formation of the
defects and thus to generate the desired domain structures
has not been studied. Here, we show that, by controlling the
substrate temperature during the growth of a BiFeO; thin
film, an array of nonstoichiometric nanoregions (NSNRs)
can be deliberately introduced as charged defects into the
host material matrix, which leads to the stabilization of
novel hedgehog or antihedgehog nanodomains. These
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nanodomains present exotic patterns of polarization
rotation that form mixed-phase structures and can be
coupled with polarization vortices. Their novel properties
could be useful for nanoelectronic and electromechanical
applications.

BiFeO; is a room-temperature multiferroic with a rhom-
bohedral lattice structure, exhibiting coupled ferroelectric
(Tc ~ 1103 K) and antiferromagnetic (T ~ 650 K) order
[15]. In pseudocubic unit cells [Fig. 1(a)], the oxygen
octahedra and the central Fe cation are displaced from their
respective positions at the face and body centers, giving rise
to a large spontaneous polarization (~100 xC cm~?) along
the (111)p directions [15-19], where the PC subscript
represents pseudocubic indices. Using aberration-corrected
high-angle annular dark-field (HAADF) scanning trans-
mission electron microscopy (STEM) imaging, the atomic-
scale structure within a BiFeO; thin film can be directly
visualized, and the polarization vector within each pseudo-
cubic unit cell can be measured. For example, in the HAADF
image shown in Fig. 1(b), where the Bi columns appear as
the brighter dots, the Fe columns show weaker contrast, and
the oxygen atoms are not visible, a vector, Dgg, can be
defined as the atomic displacement in the image plane of the
Fe cation from the center of the unit cell formed by its four Bi
neighbors. This Dgg vector is exactly opposite to the
projection of the polarization vector in the image plane
and can be directly measured by fitting the atomic columns
as two-dimensional (2D) Gaussian peaks to locate their
centers and recording the offset [8,20].

The growth of BiFeO; films is very sensitive to depo-
sition parameters, and by most deposition techniques
phase-pure BiFeO; can be obtained only within a narrow
combination of growth parameters [21]. An alternate

FIG. 1. Atomic structure and defects in a BiFeO; thin film.
(a) Atomic model of the pseudocubic structure of BiFeOs;.
Polarization is shown by a green arrow. (b) HAADF STEM
image of a BiFeOj; thin film viewed in cross section along the
[100]pc zone axis. The Dygp vector, defined as the atomic
displacement in the image plane of the Fe cation from the center
of the unit cell formed by its four Bi neighbors, is opposite to the
polarization vector (P). (c) HAADF STEM image of the
BiFeO3(BFO)/TbScO;(TSO) interfacial region, where the inter-
face is indicated by the yellow dashed line and an array of defects
are observed at a uniform height of 3 nm above the interface.

method enabling the growth of phase-pure BiFeO; for a
broader range of growth parameters, referred to as the
“growth window,” is what we use when synthesizing
BiFeO; by molecular-beam epitaxy (MBE). In this process,
BiFeOj is formed by flooding the growing film with excess
bismuth and oxidant and relying on thermodynamics to
desorb the excess of both of these constituents, resulting in
a phase-pure BiFeOj film for conditions within the growth
window. Our prior MBE work mapping out the adsorption-
controlled growth conditions for BiFeO; indicates that a
change of the substrate temperature during film growth,
given a constant bismuth and oxygen overpressure at a
fixed Bi:Fe flux ratio, can result in three different products:
(I) BiFeO; + y-Fe,O5 (at a higher than optimal temper-
ature), (II) BiFeO5 (within the growth window, i.e., at an
optimal temperature), and (III) BiFeO; + Bi,O,5 (at a
lower than optimal temperature) [22]. The formation of
the Fe-rich or Bi-rich defects can be directly monitored
during film growth by in situ RHEED, since these defects
can generate additional spots in the RHEED pattern [22].

In this work, we grew epitaxial (001)p-oriented BiFeOs
thin films on (110), TbScO; single crystal substrates
(where the O subscript represents orthorhombic indices)
by MBE, monitoring the growth by RHEED. The films were
grown at constant bismuth (Bi flux = 1.4 x 10'* Bi/cm?s)
and oxygen (O, + ~10% O3 background pressure =
1 x 107® Torr) with pressure over a fixed Bi:Fe flux ratio
of 8:1. Film growth was initiated at a substrate temperature
of ~680°C (higher than the optimal temperature) until
additional spots in the RHEED pattern, indexed to dif-
fraction from (111)-oriented y-Fe,O;, were observed
(Supplemental Fig. S1 [23]) [22]. Upon seeing these spots,
the substrate temperature was decreased to 610 °C and the
RHEED pattern, which is very surface sensitive, went back
to that of phase-pure BiFeOs. As aresult, an array of Fe-rich
defects were inserted into the BiFeO; matrix at a uniform
height along the film thickness, several unit cells above
the bottom interface of the film, evident in the HAADF
STEM image shown in Fig. 1(c). In this way, control of the
temperature lends control of the placement of defects in
the film.

The atomic-scale structure of the defects is examined in
Fig. 2(a), where a magnified HAADF image of an
interfacial region containing one typical semicircular loop
defect in the BiFeO5 matrix is shown. As there are no other
elements introduced during film growth, the defect should
also be composed of Bi, Fe, and O atoms, with the brighter
dots in the HAADF image corresponding to the heavier Bi
columns and the weaker dots corresponding to the lighter
Fe columns. This defect is generally composed of two
parts. The first part is a short vertical segment on the right
(highlighted in brown) with a distorted pseudocubic per-
ovskite lattice, where an apparent lattice expansion is
observed along the horizontal direction. The second part
is a long curved or inclined segment on the left (highlighted
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FIG. 2. Atomic structure associated with a semicircular loop
defect in the BiFeOj thin film. (a) HAADF STEM image of the
BiFeO3(BFO)/TbScO;(TSO) interfacial region containing one
typical semicircular loop defect. The defect is composed of a
vertical segment (highlighted in brown) with distorted pseudo-
cubic perovskite lattices and nonstoichiometric planar (high-
lighted in green) and stepped (highlighted in yellow) structural
units. (b) Magnified image of the nonstoichiometric planar unit in
the defect [red rectangular highlighted region “B” in (a)] and a
model of its corresponding atomic structure on the right.
(c) Magnified image of the nonstoichiometric stepped unit in
the defect [red rectangular highlighted region “C” in (a)] and a
model of its corresponding atomic structure on the right.

in yellow and green) with a structure and stoichiometry
different from the BiFeO; matrix, forming NSNRs.
Furthermore, these NSNRs in the defect are composed
from two structural units—planar units (highlighted in
green) and stepped units (highlighted in yellow). While
the planar unit is oriented on the horizontal (001)p plane
of BiFeO; and adopts the structure of one pair of Bi atoms
alternating with one pair of Fe atoms, the stepped unit has
an inclined orientation and is formed from one pair of Bi
atoms alternating with two pairs of Fe atoms.

The same types of planar and stepped NSNRs have also
been observed in previous studies of Nd- and Ti-doped
antiferroelectric BiFeO5; by MacLaren et al. [24,25]. Their
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detailed structural study suggests that the Fe atoms within
the NSNRs are coordinated by six oxygens in the form of
edge-sharing oxygen octahedra, resembling the structure of
y-Fe, O3 and forming the planar and stepped structural units
shown schematically in Figs. 2(b) and 2(c), respectively. As
a result, there is an excess of anions (more oxygen) at the
NSNRs, which produces a net local negative charge
density. Assuming Bi**, Fe’*, and 0>~ at the defects,
the charge density is calculated to be —1.4 C/m? at the
planar unit and —1.1 C/m? at the stepped unit. Another
feature associated with the NSNRs is an atomic shift of
one-half of a pseudocubic unit cell of the BiFeO; lattice
across the planar units in the [001]p direction and a shift of
one-half of a pseudocubic unit cell of the BiFeO; lattice
across the stepped units in both the [010]p- and [001]pc
directions, as evident in the Fourier-filtered images shown
in Supplemental Fig. S3 [23]. These shifts, however, do not
induce obvious strain in the BiFeO; matrix, as shown by
the quantitative analysis of the high-resolution HAADF
images using geometric phase analysis (GPA) in
Supplemental Fig. S4 [23]. The shift in the lattice occurs
mainly through atomic rearrangement at the boundary of
the NSNRs and the shifted BiFeO; lattices are separated,
accommodating the strain and forming an isolated region
enclosed by the loop defect.

The polarization distribution in the BiFeO; lattice
adjacent to the defect was determined by mapping the
—Dgp vectors [Fig. 3(a)]. Within the region enclosed by the
semicircular defect (marked as region “1”), a hedgehog
polarization state can be identified. While the polarization
vectors of each unit cell in the middle of this region are
attenuated and oriented along multiple directions, the unit
cells that are in contact with the defect forming the
periphery of the NSNRs (the unit cells highlighted by
red rectangles) show significant lattice distortions with
enhanced polarization pointing outward, towards the
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Polarization map of the nanodomains surrounding the semicircular loop defect in the BiFeOj; thin film. (a) The same HAADF

STEM image as Fig. 2(a) overlaid with the polarization vectors (—Dygg, shown by yellow arrows). The white dashed lines represent the
positions of domain walls. (b) Phase field simulation of the polarization distribution in the image plane of the domain structure stabilized
by a charged defect with a configuration similar to the experimental observation. The polarization vectors are overlaid on a color map of
the charge distribution, where the red, blue, and gray colors represent positive (+1.1 C/m?), negative (—1.1 C/m?), and zero charge

densities, respectively.
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NSNRs. In contrast, the BiFeOj; lattice outside of the
defect presents a continuous rotation of polarization, with
polarization vectors generally pointing inward towards the
defect, except for the right-side region where the polari-
zation vectors are pointing outward. This arrangement leads
to the formation of six different nanodomains [marked
“27—“7” in Fig. 3(a)] surrounding the defect. Some of these
domains also experience a change in lattice symmetry,
forming mixed-phase structures. Particularly, the “2,” “4,”
and “6” domains possess normal rhombohedral-like
(R-like) structures with polarizations oriented along the
diagonal directions. In contrast, the “3” and “5” domains
adopt polarizations along [010]p- and [001]p directions,
respectively, resembling horizontal or vertical fetragonal-
like (T-like) structures [26]. Within region 7, significantly
attenuated polarizations were observed.

Since the polarization directions are generally pointing
toward the NSNRs in the defect and these NSNRs are
negatively charged, a plausible mechanism is that the
polarization distortions of the BiFeO; lattices are modified
by the built-in fields induced by the charge on the NSNRs.
To gain further insight of the driving force for the formation
of the nanodomains, we employ phase field simulations to
calculate the stable polarization configuration in the pres-
ence of a charged defect. In the simulated BiFeOj thin film,
we created a defect with a similar shape to what we
observed in the experiment in Fig. 2 and then applied an
additional charge at the defect, with no additional eigen-
strain introduced by the defect from the lattice mismatch
between the defect and the matrix, as the defect-induced
strain has a minimal effect on the polarization (see
Supplemental Material [23] for a discussion). Since the
left curved or inclined part of the defect is mostly composed
of the stepped units, for simplicity a uniform charge density
of —1.1 C/m* was applied there. Although the defect
chemistry of the vertical segment on the right side of the
defect cannot be directly determined by STEM imaging, its
lattice expansion along the horizontal direction could
indicate a local accumulation of oxygen vacancies and
thus a positive charge density [27,28]. Simulations allow
the effect of charge density to be studied, and a comparison
of simulated results with different values of charge den-
sities ranging from —1.1 to +5.5 C/m? at the right-side
segment of the defect is shown in Supplemental Fig. S5
[23]. The result with a charge density of +1.1 C/m?
[Fig. 3(b)] is most consistent with the experimental
observation, indicating that the existence of a moderate
positive charge is the most probable situation. Note that in
each case a random polarization distribution was set as the
initial structure, and simulations repeated with different
initial random polarization distributions were found to yield
consistent final configurations.

In the simulated polarization configuration around the
defect [Fig. 3(b)], attenuated polarization is observed
within the semicircular region enclosed by the defect

(region 1), with the exception of the very large polarization
of a few unit cells at the region boundary. This could be a
result of the exclusion of the experimentally observed
distorted unit cells at the region boundary [red rectangular
highlighted unit cells in Fig. 3(a)] from the simulation.
Nevertheless, the simulated results reproduced almost all of
the features in the polarization configuration outside of the
defect captured in the experiment, including the polariza-
tion reorientation around the defect with the formation of
six different polarized regions (regions 2—7), the change of
lattice symmetries into 7-like structures in region 3 and 5,
and the attenuated polarization in region 7. These results
indicate that the charge on the NSNRs should be the major
driving force inducing the observed nanodomain structures,
in which the gradient energy from the polarization rotation
is counterbalanced by the corresponding reduction in
overall electrostatic energy.

The hedgehog and antihedgehog domains are ubiquitous
around the defects composed of NSNRs in the BiFeO; thin
films, and they can also induce polarization vortices, as
shown by three examples in Figs. 4(a)—4(c). Similar to the
previous case shown in Fig. 2, these defects are mainly
comprised of the same types of nonstoichiometric planar
units and stepped units, with the same excess of oxygen and
thus local net negative charge. Some additional variations
were noted. For example, within the circular defect in
Fig. 4(a), an inclined segment is observed on the right side.
It is composed of five consecutive pairs of Fe atoms with no
Bi atoms in between them. Examination of the polarization
shows that the hedgehog and antihedgehog domains around
the defects are also accompanied by the formation of
multiple different polarized regions and mixed-phase
structures. In Fig. 4(a), a tiny hedgehog polarization state
with a diameter of 4 unit cells was observed within the
nanoregion encircled by the defect. In both Figs. 4(a) and
4(b), antihedgehog polarization states are stabilized at the
shell regions surrounding the defects. On larger length
scales outside of these defects, the overall continuous
polarization rotation patterns lead to flux-closure vortex
structures. In Fig. 4(c), a pair of polarization semivortex
and semiantivortex structures form at the left and right sides
of this nearly linear defect as a result of the formation of a
“head-to-head” polarization configuration above and below
the defect.

In conclusion, we have demonstrated the stabilization of
novel hedgehog and antihedgehog nanodomains in multi-
ferroic BiFeO; thin films by making use of nanoscale
charged defects. These nanodomains offer new opportuni-
ties to explore the complex interplay of spin, charge, orbital,
and lattice degrees of freedom in systems with strong
electron correlations. As the hedgehog states are confined
within the nanosized structure defects, they can approach
sizes down to several unit cells and have a much higher
density than the bulk domains in the film. Our finding
therefore opens the door for creating high-density
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FIG. 4. Polarization maps of nanodomains induced by three different defects in the BiFeOj; thin film. (a)-(c) HAADF STEM images
of three different defects above the BiFeO3;(BFO)/TbScO3(TSO) interface, where the polarization vectors (—Dyg, shown by yellow
arrows) are overlaid on the BiFeOj lattice. The dashed red line marks the domain walls that penetrate to the top surface of the thin film.
(d) Magnified map of the polarization vectors in the nanoregion enclosed by the loop defect in (a) and in the three different nanoregions

highlighted by the blue rectangles in (b) and (c).

nanodomains in relatively thick ferroelectric films,
which can overcome the limit on domain size or density
imposed by the scaling law that states the domain width is
proportional to the square root of the sample’s thickness
[29,30]. The polarization component perpendicular to the
hedgehog plane (the image plane in our study) may be
switchable. Therefore, further study of the electrical and
magnetoelectric properties and dynamics under applied
fields may assist future development of nanoelectronic
devices such as high-density memories. On the other hand,
it is well known that defect engineering through adding
small amounts of donor dopant to a ceramic can create
randomly oriented defect dipoles between donors and cation
vacancies in the crystal structure, which promotes domain
wall motion leading to enhanced piezoelectric properties
[31]. Here, the antihedgehog polarization states stabilized by
the nanoscale impurity defects possess mixed-phase struc-
tures that are reminiscent of the ferroelectric domains near a
morphotropic phase boundary. These states may also exhibit
enhanced properties such as giant piezoelectricity and thus
are potentially attractive for electromechanical applications.

As it is known that nonstoichiometric phases can com-
monly occur in functional oxides due to different

mechanisms, such as cation doping [24,25], stoichiometric
fluctuation [21], and temperature variation during film
growth [22], our observation of topological states induced
by NSNRs in BiFeO; should stimulate efforts to design
functional patterns of ferroelectric or multiferroic nano-
domains or nanopolymorphs with a focus on controlling the
intrinsic defect structures and motivate a search for a similar
mechanism in other functional oxide systems. While con-
ventional chemical engineering methods (composition tun-
ing) and interface engineering methods (boundary condition
tuning) produce only structure changes uniformly distrib-
uted within the whole material, defect engineering can
generate functional structures at local nanoregions without
the disruption of the bulk structural patterns, which is
desirable as the dimensions of individual elements in
nanodevices continue to shrink. Further developments
may allow the NSNRs to be introduced in a fine controlled
fashion, enabling their configurations to be adjusted during
material synthesis, or allow the charge states of the NSNRs
to be modified by external charge injection methods, open-
ing the door to the control of nanodomain structures and the
customized creation of topological states in complex mate-
rials through defect engineering.
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METHODS

Transmission electron microscopy (TEM). Cross-sectional TEM samples were
prepared by the conventional grinding, polishing and ion milling process. First, the cross-
sectional sample was polished to a thickness of ~20-30 um in wedge shape using a tripod
polisher. After mechanical polishing, the sample was further milled to electron transparency by a
Gatan Precision lon Polishing System 2, with an ion gun voltage = 4 kV and angle = +4°. At the
final step of ion milling, a voltage of 0.1 kV was used to remove any amorphous layer on the
surface. Dark-field diffraction-contrast imaging was performed using a JEOL 3011 operated at
300 kV. STEM HAADF experiments were carried out on a FEI Titan 80-300 microscope at the
National Center for Electron Microscopy of Lawrence Berkeley National Laboratory (LBNL).
The microscope is equipped with double aberration correctors and its resolution in STEM mode
is ~0.5 A. The accelerating voltage, convergence angle of the incident electrons, and the
collection angle for HAADF imaging are 300 kV, 29 mrad and 79-200 mrad, respectively.
Atomic displacement Dpp vectors were directly measured from the STEM HAADF images by
fitting each image with a series of two-dimensional (2D) Gaussian functions. After fitting, the

atomic positions were extracted from the centers of these 2D Gaussian functions.

Phase field simulations. A FORTRAN code based on the phase-field model was
employed to simulate the evolution of the spatial polarization as a function of time, as described
by the time-dependent Ginzburg-Landau equation:

OP(x,t) SF
o sP ()

=123

in which P is the primary order parameter (polarization), F is the total free energy including
landau, elastic, electrostatic, and gradient energies, and L is a kinetic parameter related to domain

wall mobility.

F= fV [fLandau(Pi) + fElastic(Pit eij) + fElectric(Pi' Ei) + fGradient(Pi,j)]dV

We performed a 2D simulation in the x-z plane with a system size of 51.2 nm x 50 nm, where
the thickness of the substrate was 8 nm and film was 40 nm. The Landau, elastic, and
electrostrictive coefficients used are listed in Table S1. The elastic boundary condition was

chosen to be traction free on film surface, and zero displacement at the substrate (bottom of the



simulation region). Since in experiment, there was no bottom electrode, we chose to use the open
circuit electric boundary condition, for which the electric displacement was fixed at 0 at the
film/substrate interface and film surface. We employed an isotropic gradient energy coefficient
of g11 = 1 and an isotropic dielectric constant of €;; = 50. For most simulations (except for the
simulations in Fig. S6 (a,b)), the initial condition is set to random noise; for the simulations in
Fig. S6 (a,b), in order to study the interaction of the bulk domain wall and the charged defect, the
initial condition included a 109° domain wall in Fig. S6a, and a 180° domain wall in Fig. S6b

terminated at the defect.

Strain effects of the defects

Using the linear defect as an example (Fig. S6(c) and Fig. S8 to S11), we show that the strain
induced by this defect has minimal effect on the polarization distribution. Similar to the analysis
of the case of the semi-circular loop defect shown in Fig. S4, geometric phase analysis (GPA) of
the case of the linear defect in Fig. S8 also shows little strain in the BiFeO3; matrix surrounding
this defect. Since the defect and BiFeO; have different atomic structures, GPA cannot be used to
determine the strain at the defect or at the defect/BiFeO; boundary. Therefore, we estimated the
defect-induced strain by directly measuring the lattice spacing of the atomic structures (Fig. S9
and S10). The measurements show a low compressive strain (eyy ~-2%) along the vertical
direction at the defect (Fig. S9), and a large shear strain (ey, ~ -16%) along the horizontal
direction (Fig. S10). We performed phase field simulations to examine the effect of the strain on
the polarization. With identical charge conditions as the case shown in Fig. S6c, we apply
additional compressive strain (eyy ~ -5%) or shear strain (ey, ~ -20%) to the same defect
configuration. The corresponding simulated polarization patterns are shown in Fig. S11, (a) and
(b), respectively, where the polarization vectors are overlaid on the color map of strain
distribution. The large shear strain at the defect is relaxed to less than 5% in the nearby BiFeO;
lattice, consistent with the low strain measured in BiFeO; by the STEM imaging. The difference
in the polarization distribution between the strained conditions and the zero strain case is almost
indistinguishable; suggesting that the defect-induced strain has a negligible effect on the

polarization state.



Landau coefficient

Elastic constant

Electrostrictive coefficient

al=4.64385*81(T-1103k)*10"5 (C*m°N)

al1=2.29047*10"8 (C*m°N)

a12=3.06361*10"8 (C*m'N)

al11=5.99186*10"7 (C*m'°N)

al12=-3.3398*10"5 (C°*m'°N)

a123=-1.77754*10"8 (C*m"’N)

c11=2.28*10"11 (Nm™)

c12=1.28*10"11 (Nm™)

c44=6.6¥10"10 (Nm™?)

Q11=0.032 (C*m*)

Q12=-0.016 (C”*m%

Q44=0.02015 (C’m")

Table S1. Coefficients used in the phase-field simulation.



Figure S1. RHEED patterns collected during film growth. The streaks are associated with
BiFeOs; and the additional spots (indicated by the arrows) can be indexed to diffraction from

(111)-oriented y-Fe,0s.
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Figure S2. Cross-sectional dark-field TEM image of the BiFeOs (BFO) thin film grown on a
TbScOs3 (TSO) substrate, showing a triangular 109°/180° domain wall (DW) junction in the bulk
film and a high-density array of nanodomains (indicated by the yellow arrows) above the
BiFeO3/TbScOj interface. These nanodomains are introduced by the array of defects observed in

Figure 1c.



Figure S3. (a) The same HAADF STEM image as Fig. 2(a) filtered in Fourier space by
including only the 00/pc diffraction frequencies. (b) The same HAADF STEM image filtered in

Fourier space by including only the 040p¢ diffraction frequencies.



Figure S4. (a-d) Geometric phase analysis (GPA) of the HAADF STEM images reveals the
strain in the BiFeOj; lattice surrounding the semi-circular loop defect. Note that the striped

patterns in (a) are caused by scanning noise in the STEM image.



Figure SS5. (a-f) Phase field simulation of polarization distribution in the image plane of the
domain structure stabilized by a charged defect with the configuration same to Fig. 3(b) and the
same negative charge density of -1.1 C/m* applied to the left curved/inclined part, but with
different charge densities (a, -1.1 C/m?; b, 0 C/m?; ¢, +0.55 C/m?; d, +1.1 C/m*; e, +2.2 C/m?;
and f, +5.5 C/m?) applied to the right-side vertical segment. The polarization vectors are overlaid
on a color map of the charge distribution. The result in (d) with the charge density of +1.1 C/m*

on the right-side segment is most consistent to the experimental observation.
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Figure S6. (a-c) Phase field simulation of polarization distribution in the image plane of the
domain structures stabilized by three different charged defects with configurations similar to the
experimental observations in Fig. 4(a)-(c). The polarization vectors are overlaid on a color map
of the charge distribution, where red, blue, and gray colors represent positive (+1.1 C/m?),
negative (-1.1 C/m?), and zero charge densities, respectively. These simulated polarization
structures surrounding the charged defects generally follow the experimental observations,
forming antihedgehog states and vortex domains in (a) and (b) and semi-antivortex at the left
edge of the defect in (c). The particular polarization rotation patterns at the simulated vortices,
however, do not exactly match the experimental results. The differences could be attributed to
the uniform charge density assumed in the simulation, as the charge distribution along the
defects should be non-uniform in reality due to local charge compensation by the mobile carriers

or oxygen vacancies. Such a non-uniform charge density should alter the polarization structures.
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Figure S7. Phase field simulation of the polarization distribution in the image plane of the
domain structure stabilized by a charged defect with a configuration identical to the case in Fig.
S6(c), but with different charge distributions: (a) no charge and (b) negative charge at the two
edges of the linear defect. The polarization vectors are overlaid onto the color maps of the charge
distribution, where the blue and gray color represent the negative (-1.1 C/m?) and zero charge
densities, respectively. In both cases, the polarization semi-vortex or semi-antivortex does not
form at either of the two defect edges, which differs from the experimental observation in Figure

4c.
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Figure S8. (a-d) Geometric phase analysis (GPA) of the HAADF STEM images shows the lack
of strain in the BiFeO; lattice surrounding the linear defect. Note that the striped patterns in (a)

and (d) are caused by scanning noises of the STEM image.
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Figure S9. Analysis of out-of-plain strain (e,,) of the linear defect. (a) HAADF STEM image of
the BiFeO3/TbScOs (BFO/TSO) interface region containing the linear defect. (b) Magnified
image of the planar unit of the defect (red rectangular highlighted region “b” in (a)) and the
corresponding averaged intensity line profile on the right. The measured thickness of the defect
is 1.18 nm. (c) Magnified image of a nanoregion in the BiFeO3 matrix and the corresponding
averaged intensity line profile on the right. The measured out-of-plane lattice constant of BiFeO;
is 0.40 nm. Since the defect is inserted into the BiFeO3; matrix, replacing three pseudocubic unit

cells, there should be a small compressive strain (e,~ -0.02) at the defect.
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Figure S10. Analysis of the shear strain (ey,) at the linear defect. HAADF STEM image of the
linear defect shows the atomic shifts of the BiFeOs lattice across the defect leads to a large shear

strain (ey, ~ -0.16) between the top and the bottom boundaries of the defect.
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Figure S11. Assessment of the influence of the defect-induced strain on the polarization
distribution around the linear defect. Phase field simulation of the polarization distribution in the
image plane of the domain structure stabilized by a charged defect with a configuration and
charge distribution identical to the case in Fig. S6(c), but with an added eigenstrain of (a) e, of -

0.05 or (b) ey, of -0.20. The color represents e, in (a) and ey, in (b).
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